Introduction {#sec1_1}
============

Heart failure (HF) is a leading cause of hospitalization in people over the age of 65 years, and nearly 6 million people in the United States suffer from this condition \[[@B1]\]. Pulmonary hypertension (PH) is common in HF and is a major risk factor for morbidity and mortality \[[@B2]\]. According to previous reports, after a 28-month follow-up, the mortality rate is higher in HF patients with moderate PH than in patients without PH \[[@B3]\]. Patients with HF are affected by the common symptoms dyspnea and fatigue, resulting in exercise intolerance \[[@B4],[@B5],[@B6]\]. The pulmonary circulation likely contributes significantly to the HF syndrome, and accordingly the interest in PH has recently increased in this population.

In healthy individuals, the pulmonary circulation is compliant and under low pressure, and is thus well suited to large increases in blood flow during exercise. However, by definition, patients with classical systolic HF demonstrate high cardiac filling pressures, which in turn increase pulmonary vascular pressures and eventually can evolve over time to right ventricular (RV) failure \[[@B7],[@B8]\]. These abnormalities in cardiopulmonary relationships along with the sequelae of the HF syndrome can influence pulmonary vascular tone and in turn result in pulmonary arteriole dysfunction and elevated pulmonary vascular resistance (PVR).

Pathophysiology of PH in HF {#sec1_2}
===========================

Progression of PH {#sec2_1}
-----------------

The classical mechanism of PH in HF is generally elicited by a 'passive\' component. Figure [1](#F1){ref-type="fig"} demonstrates the schematic progression of PH in HF. Due to left ventricular (LV) dysfunction, forward blood flow decreases and diastolic pressure increases. This causes an increase in pulmonary venous pressure and in turn results in elevations in a surrogate measure of the left atrial pressure, namely the pulmonary capillary wedge pressure (PCWP). This passive transmission of pressure elevation further increases pulmonary arterial pressure (PAP). The chronic elevation in pulmonary vascular pressures (originating from pulmonary venous hypertension) can eventually influence the vasomotor tone of the pulmonary arterioles (vasoconstriction) and may induce a vascular obstructive remodeling of the pulmonary arteries and arterioles \[[@B8],[@B9],[@B10]\]. The development of a precapillary vasoconstriction has been termed 'reactive\' PH and includes a further rise in PAP out of proportion to the rise caused by LV failure. Chronically elevated PVR and PAP can eventually lead to RV dysfunction, which is associated with a reduced exercise tolerance and increased mortality in the HF population. Finally, pulmonary vascular smooth muscles may develop an irreversible or 'fixed\' state, which is not altered with acute vasoactive pharmacological treatment.

Characteristics of PH {#sec2_2}
---------------------

The development of PH can be defined by hemodynamic and pressure measurements, i.e. mean PCWP (mPCWP), mean PAP (mPAP) and transpulmonary gradient (TPG; the difference between mPAP and mPCWP). Based on these pressures, the type of PH (pre-vs. postcapillary) and disease severity can be determined (fig. [1](#F1){ref-type="fig"}). In healthy individuals, mPAP is \<25 mm Hg and mPCWP is \<15 mm Hg. In HF, PH is defined by mPAP ≥25 mm Hg and mPCWP \>15 mm Hg. In addition, TPG \<12 mm Hg is considered passive PH and TPG ≥12 mm Hg is considered reactive (fig. [1](#F1){ref-type="fig"}). The types and progression of PH can be explained further using the equation below for PVR:

PVR = (mPAP -- mPCWP)/cardiac output.

In passive PH, both mPAP and mPCWP increase and TPG is normal; thus, if PVR is elevated, it is primarily due to a decreased cardiac output. However, in reactive PH, TPG is greater than normal due to the increased mPAP. Therefore, a decreased cardiac output due to LV dysfunction and an increased mPAP contribute to an exaggerated increase in PVR.

Vascular Dysfunction due to Remodeling, Vasoactive Substances and Genetic Variation {#sec2_3}
-----------------------------------------------------------------------------------

Classical systolic HF is defined by elevated LV filling pressures and a passive rise in the left atrial pressure causing pulmonary venous hypertension. If the RV function is relatively stable, the increased pressure in the pulmonary vasculature results in a mismatch output and may increase the capillary hydrostatic pressure, leading to congestion. This causes fluid to cross the microvascular barrier and eventually results in interstitial pulmonary edema and, in more severe cases, alveolar fluid accumulation \[[@B11]\]. Under chronic conditions with high pulmonary vascular pressures and interstitial fluid, this may contribute to the pathophysiological remodeling of the pulmonary vasculature.

In the HF syndrome, neurohormonal and biochemical substances \[e.g., angiotensin II (ANG II), catecholamines, endothelin-1 (ET-1) and inflammatory mediators\] are activated and may contribute to pulmonary vascular remodeling or vasoreactivity. For example, in HF, a decreased renal perfusion due to cardiac dysfunction increases the release of renin, which results in increased ANG II that is a potent vasoconstrictor. This alteration in the renin-angiotensin system is associated with systemic vascular resistance \[[@B12]\] and accelerates cell proliferation, thus resulting in vascular and structural remodeling \[[@B13],[@B14]\]. In addition, ANG II may trigger the release of other biochemical substances such as ET-1 and the breakdown of bradykinin \[[@B14],[@B15]\].

ET-1 is a powerful vasoconstrictor peptide which is predominantly involved in the regulation of vascular tone in the cardiopulmonary system. There are multiple factors that may increase the synthesis of ET-1 (i.e., hypoxia and shear stress), and a complex process is required to form this peptide. A number of previous studies have demonstrated that an elevation in ET-1 is significantly associated with PAP and PVR \[[@B16]\] as well as disease severity in HF patients with PH \[[@B17],[@B18],[@B19]\]. The actions of ET-1 begin with binding 2 receptors: the type A (ET~A~) receptor that is mainly found on vascular smooth muscle cells and the type B (ET~B~) receptor that is mainly found on endothelial cells and to a lesser extent on smooth muscle cells. While ET-1 coupled with ET~A~, short- and long-term effects, induces vasoconstriction and cell proliferation, ET-1 coupled with ET~B~ promotes both vasodilation and vasoconstriction effects and participates in the clearance of circulating ET-1 \[[@B20]\]. Both ET~A~ and ET~B~ receptors increase in HF and PH; however, the upregulation of ET~A~ receptors may be dominant. In the pathological state, ET~A~ and ET~B~ receptors may be differently controlled, and therefore vasoconstriction and cell proliferation effects occur more likely \[[@B21]\]. Increases in ET-1 and pulmonary vascular remodeling by proliferation and hypertrophy of smooth muscle cells due to the upregulation of ET~A~ receptors may contribute significantly to the progression of PH \[[@B7],[@B22]\].

Nitric oxide (NO) is an endothelium-dependent vasodilator which is involved in vasomotor control and regulates pulmonary perfusion to ensure optimized ventilation/perfusion (V/Q) in the lungs \[[@B23],[@B24]\]. This vasoactive substance appears to decrease in patients with HF and/or PH \[[@B7],[@B23],[@B25]\]. Previous studies have demonstrated that a limited availability of NO is partially attributable to a diminished synthetic activity of the L-arginine and NO pathway following decreased expression of endothelial NO synthase \[[@B26],[@B27]\]. The degradation of NO is increased by phosphodiesterase so that potassium (K^+^) channel activation decreases and calcium (Ca^++^) channel-induced vasoconstriction occurs \[[@B23],[@B25]\]. Furthermore, an increased breakdown of bradykinin decreases NO availability \[[@B14],[@B28]\].

There are also genetic variations that may influence the pulmonary vasculature. In patients with HF, the prevalence and/or severity of PH vary at a given level of LV dysfunction and disease severity, and thus genetic variation may account for a part of this variability. Bradykinin is a potent endothelium-dependent vasodilator in the cardiovascular system. A recent study tested the association between bradykinin β~2~-receptor (G protein-coupled kinin receptor subtype) and systolic PAP and demonstrated that HF patients homozygous for the +9 polymorphism of bradykinin β2-receptor had an increased risk of higher PAP \[[@B29]\]. In addition, the long allele variant of the serotonin transporter gene was found to be highly associated with elevated PAP \[[@B30]\], and the angiotensin-converting enzyme DD genotype was shown to be significantly associated with altered pulmonary function \[[@B31]\].

Potential Role of Hypoxia {#sec2_4}
-------------------------

Although controversial, we have suggested that systemic hypoxia may also play a role in the pathophysiology of reactive PH in HF patients. This could be due to a tendency for low normal PaO~2~ values, high extraction rates and low mixed venous O~2~ values returning to the lungs, low perfusion to systemic tissue-stimulating hypoxic pathways or low perfusion to the carotid body, essentially triggering or stimulating the sympathetic nervous system with a potential reflex influence on the pulmonary vasculature (fig. [2](#F2){ref-type="fig"}) \[[@B32]\].

Influence of PH on Lung Mechanics, Breathing Patterns and Respiratory Gas Exchange in HF {#sec1_3}
========================================================================================

Classical Gas Exchange Responses to Exercise in HF {#sec2_5}
--------------------------------------------------

The lungs and heart can be viewed as an integrated organ system because they are hemodynamically and neuromechanically linked. They not only share a common surface area, but nearly all of the cardiac output goes through the lungs, and changes in intrathoracic pressure not only influence respiration but also cardiac pre- and afterload. Therefore, alterations in cardiac function will influence the lungs and vice versa. Thus, though the HF syndrome alone influences lung mechanics and gas exchange, progressive changes in the pulmonary vasculature appear to exaggerate the abnormalities observed, which are further accentuated with exercise.

In HF, abnormal breathing patterns and gas exchange during exercise are mainly a result of stiff lungs, an enlarged heart and V/Q inhomogeneities leading to increased dead space (V~D~/V~T~). End-tidal carbon dioxide (P~ET~CO~2~) and ventilatory efficiency for carbon dioxide (V~E~/VCO~2~) are the most commonly documented parameters used to track disease severity \[[@B33],[@B34],[@B35],[@B36]\]. The reported increase in V~E~/VCO~2~ is associated with the noted elevated V~D~/V~T~ due primarily to a rapid shallow breathing pattern but also due to a tendency for relative hyperventilation \[[@B8],[@B34],[@B37]\]. A recent study by Woods et al. \[[@B35]\] demonstrated that HF patients had a lower PaCO~2~ (due to hyperventilation) and a lower V~T~ (thus higher V~D~/V~T~) than healthy controls. In addition, these authors noted that both lower PaCO~2~ and higher V~D~/V~T~ provided similar contributions to the elevation in V~E~/VCO~2~. Also of interest was the widening of the PaCO~2~ and P~ET~CO~2~ difference during exercise consistent with the V/Q abnormalities. Moreover, a marked drop in P~ET~CO~2~ with exercise has been associated with a higher ventilation and a limited rise in cardiac output \[[@B33],[@B34],[@B36],[@B37]\]. A decrease in P~ET~CO~2~ may also reflect reduced PAO~2~ due to V/Q inhomogeneity \[[@B36]\]. In most cases, the change in P~ET~CO~2~ is inversely related to the change in V~E~/VCO~2~.

Impact of PH on Cardiopulmonary Responses to Exercise in HF {#sec2_6}
-----------------------------------------------------------

The impact of PH on pulmonary gas exchange and exercise tolerance in HF is not clearly understood. However, based on the results from previous studies, it is speculated that PH generally exacerbates cardiopulmonary abnormalities (i.e., lower P~ET~CO~2~ and higher V~E~/VCO~2~) during exercise in HF patients. Figure [2](#F2){ref-type="fig"} demonstrates a conceptual pathway of the potential influence of LV dysfunction and PH on exercise capacity. A number of studies have demonstrated that in HF patients with PH, pulmonary gas exchange measures were more significantly impaired \[[@B33],[@B34],[@B38]\], as was pulmonary diffusing capacity \[[@B39],[@B40]\]. A previous study using sildenafil (a phosphodiesterase-5 inhibitor with vasodilatory effects on the pulmonary vasculature) found that PVR and exercise capacity improved in systolic HF patients with PH \[[@B41]\]. In addition, in a review Guazzi et al. \[[@B42]\] illustrated that PAP, PVR, ventilatory efficiency (V~E~/VCO~2~) slope and peak oxygen consumption (peak VO~2~) were improved after treatment with sildenafil. According to these previous data, it is clear that pulmonary vascular hypertension plays a critical role in impaired gas exchange and exercise capacity in HF patients. A study by Butler et al. \[[@B5]\] confirmed that patients with elevated PVR demonstrate impaired exercise capacity and that the severity of PVR is related to the degree of exercise abnormalities. These authors also noted that several patients with severe disease had reduced PCWP during exercise and a higher right atrial pressure, and this may result from impaired blood delivery to the left ventricle due to RV failure \[[@B5]\].

Recently, a number of studies have identified those noninvasive gas exchange measures that are associated specifically with PH. As mentioned earlier, P~ET~CO~2~ and V~E~/VCO~2~ are the most common variables used to evaluate disease prognosis in HF. In addition, the oxygen uptake efficiency slope, which is the slope of oxygen uptake relative to the log of minute ventilation during submaximal exercise \[[@B43]\], oxygen saturation (SaO~2~) \[[@B44]\] and pulmonary capacitance (Pcap), which is a calculated gas exchange variable and obtained from the oxygen pulse (O~2~ pulse) multiplied by P~ET~CO~2~, have been shown to be associated with disease severity in PH \[[@B45]\]. Recently, we have attempted to identify the noninvasive measures associated with pulmonary vascular hemodynamic indices in HF. Our work confirmed that the noninvasive gas exchange measures were significantly associated with the invasive measures. P~ET~CO~2~ was significantly correlated with mPAP, and O~2~ pulse was significantly correlated with stroke volume. Thus, an estimated pulmonary vascular capacitance was estimated, which was highly associated with the invasive measures of Pcap using catheter-based measures. In addition, we recently determined that Pcap might differentiate HF with and without PH better than other gas exchange measures \[[@B8]\].

Cardiopulmonary Exercise Testing in Clinical Practice {#sec1_4}
=====================================================

In clinical practice, maximal cardiopulmonary exercise testing with noninvasive measures of gas exchange has been widely used to identify the disease severity of HF patients and to help determine the prognosis or response to therapy. However, there are several impediments to applying this technique to HF patients. In some cases, it is not safe to push HF patients to maximal exercise, and given the variability in protocol across clinical laboratories, outcomes can vary considerably. In addition, there are possible difficulties and anxieties for frail patients to undergo this type of testing, and these tests traditionally require relatively sophisticated centers with expertise \[[@B46]\]. Moreover, it is hard to compare data if centers or laboratories use different protocols and stopping criteria. More recently, it has become evident that submaximal exercise is more easily obtainable, with less patient anxiety and with less variability, than maximal exercise measures, but yet provides similar prognostic value \[[@B47],[@B48]\]. In addition, since many of the key gas exchange measures are simply slopes of change from the resting condition, they are relatively insensitive to exercise intensity \[[@B49],[@B50]\].

Simplifying Gas Exchange for Clinical Practice {#sec2_7}
----------------------------------------------

Noninvasive commercial gas exchange systems have been developed and provide a large amount of information about breathing patterns and gas exchange. However, given this large number of variables and a general lack of training in clinical centers regarding integrative exercise physiology, their interpretation has always been challenging. Thus, we recently developed a scoring system to quantify gas exchange measures into a single representative gas exchange severity or abnormality score \[[@B50]\]. Based on our previous work and the literature published so far, we used multiple key gas exchange variables (e.g., resting P~ET~CO~2~, ΔP~ET~CO~2~, V~E~/VCO~2~ slope, SaO~2~, Pcap, oxygen uptake efficiency slope) and developed a scoring system to primarily identify the disease severity of PH and HF. We observed that the multivariable scoring system was well correlated with the cardiac index and NYHA class in HF populations, and also highly associated with RV systolic pressure and WHO classification in PH populations. Although more studies are needed, this multivariable scoring system provides a better assessment than any single variable because it obtains comprehensive information on cardiopulmonary functions. Moreover, it allows avoiding complications in the interpretation of multiple variables and misinterpretations due to noise of outcomes and/or outliers and only requires submaximal data.

Summary and Conclusions {#sec1_5}
=======================

PH is an increasingly recognized problem in HF patients. It is classically defined by pulmonary hemodynamic measurements including PCWP, mPAP and PVR. Vascular dysfunction associated with vascular remodeling, vasoactive substances and genetic variation contribute to the reactive form of PH. Pulmonary vascular abnormalities impair lung mechanics and gas exchange at rest and exercise, and this adverse effect of PH accentuates the abnormalities observed in HF. Noninvasive gas exchange measures with light submaximal exercise allow assessing integrated information on cardiopulmonary functions in HF patients, yielding less variable data than and similar information as maximal testing. In addition, multivariable scoring systems for quantifying gas exchange measures are emerging, simplifying the interpretation of multiple variables and providing important tracking and disease prognosis information to clinicians.
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